Proper placement of epigenetic marks on DNA and histones is fundamental to normal development, and perturbations contribute to a variety of disease states. Combinations of marks act together to control gene expression; therefore, detecting their colocalization is important, but because of technical challenges, such measurements are rarely reported. Instead, measurements of epigenetic marks are typically performed one at a time in a population of cells, and their colocalization is inferred by association. Here, we describe a singlemolecule analytical approach that can perform direct detection of multiple epigenetic marks simultaneously and use it to identify mechanisms coordinating placement of three gene silencing marks, trimethylated histone H3 lysine 9, lysine 27 (H3K9me3, H3K27me3), and cytosine methylation (mC), in the normal and cancer genome. We show that H3K9me3 and mC are present together on individual chromatin fragments in mouse embryonic stem cells and that half of the H3K9me3 marks require mC for their placement. In contrast, mC and H3K27me3 coincidence is rare, and in fact, mC antagonizes H3K27me3 in both embryonic stem cells and primary mouse fibroblasts, indicating this antagonism is shared among primary cells. However, upon immortalization or tumorigenic transformation of mouse fibroblasts, mC is required for complete H3K27me3 placement. Importantly, in human promyelocytic cells, H3K27me3 is also dependent on mC. Because aberrant placement of gene silencing marks at tumor suppressor genes contributes to tumor progression, the improper dependency of H3K27me3 by mC in immortalized cells is likely to be fundamental to cancer. Our platform can enable other studies involving coordination of epigenetic marks and leverage efforts to discover disease biomarkers and epigenome-modifying drugs. E pigenetic marks are responsible for controlling the temporal and spatial pattern of gene expression throughout the genome. In a number of instances, these marks have been shown to act combinatorially (1, 2) . Co-occurrence of epigenetic marks has been implicated in a variety of important processes including cell differentiation (2), gametogenesis (3) , and DNA replication (4) . Additionally, examples exist where epigenetic marks can directly promote or inhibit the presence of one another (5, 6) . Consequently, reliably detecting epigenetic mark colocalization is an essential step for advancing a host of biological studies. Histone modifications and cytosine methylation (mC) are traditionally assayed by chromatin immunoprecipitation (ChIP) and bisulfite sequencing (BS), respectively. Typically, one assay is performed at a time and colocalization of marks is inferred by association. However, with this approach, it remains unknown if the inferred combinatorial states actually exist (7) . Serial ChIP can detect combinations of histone modifications, but its low efficiency requires an abundant source of chromatin, and it is impractical for assaying more than two modifications; BS of ChIP DNA can report coincidence of histone modifications and mC (8) ; and mass spectrometry can quantify combinations of histone marks, if they reside nearby on the same histone (9) . Each method is labor intensive and difficult to use when quantitative data are needed. Here, we describe a single-molecule analytical approach that can rapidly and quantitatively assay combinations of epigenomic marks.
We previously described SCAN (Single Chromatin molecule Analysis in Nanochannels), a nanofluidic approach that enabled high-throughput fluorescent measurements of single DNA and chromatin molecules (10) . When used to analyze native chromatin from GFP tagged histone H2B (H2B-GFP) expressing HeLa cells, we showed that molecules bound with a fluorescent DNA intercalator also carried GFP, demonstrating that the chromatin remained intact during the analysis. When we analyzed mixtures of methylated and unmethylated DNAs that were combined with a fluorescently tagged methyl binding domain protein-1 (MBD1)1 protein, we observed specific detection of methylated DNA. These results suggested SCAN could be used for rapid, quantitative epigenomic measurements, and that it could be used to detect the presence of combinations of epigenetic features on individual chromatin molecules. Here, we reduce this objective to practice and apply SCAN to demonstrate the interdependence of histone modifications on DNA methylation status. We show that mC is needed for proper H3K9me3 placement and that it antagonizes H3K27me3 in primary cells; however, the effects of mC are reversed in immortalized and transformed cells where mC is required for full H3K27me3 placement. This improper cooperation between mC and H3K27me3 deposition can potentially lead to aberrant placement of gene silencing marks on tumor suppressors and disease progression.
Results
We first established conditions for binding fluorescent MBD1 and antibodies recognizing histone features to chromatin with high specificity (Fig. 1A) . As an initial test, we labeled an antibody recognizing the unmodified N-terminal tail of histone-H3 (α-H3) with AlexaFluor647, bound it to native chromatin isolated from HeLa cells (Fig. S1 ) expressing an H2B-GFP fusion protein, and then analyzed the mixture by SCAN. We ensured the total concentration of fluorophores in our analyte remained at or below 1 nM so that the probability of detecting only a single molecule or complex was greater than 99.5% (Fig. 1B) . To promote binding of the antibody to chromatin, typical reactions were performed with 3-10 nM chromatin and a minimum of 15-fold molar excess of antibody followed by a cross-linking step. Under these conditions, even antibodies with a relatively unfavorable K d of 10 nM will bind to 95% of their chromatin target molecules, even when the epitope is present on only 0.01% of the molecules. Unbound labeled antibodies will remain in the analyte, and bound complexes between chromatin and unlabeled antibody molecules escape detection. If SCAN were capable of detecting antibody-chromatin complexes, we expected to observe individual molecular complexes that emitted both green (GFP) and red (AlexaFluor647) photons. This is precisely what we observed demonstrating that labeled antibodies could be used to detect chromatin features on single molecules using SCAN (Fig. 2 A and B) . To confirm the presence of complexes and measure their abundance, coincidence analysis was performed ( Fig. 2B and Fig. S2 ).
Because most chromatin samples of interest will not come from cells with GFP-tagged histones, we extended this α-H3 binding test using native chromatin from wild-type mouse embryonic stem cells (WT-ESC) labeled with the fluorescent intercalator YOYO-1, and then used SCAN to detect complexes carrying YOYO-1 and α-H3AlexaFluor647. We could easily detect these complexes, demonstrating the utility of SCAN for a variety of chromatin sources (Fig. 2C) . As a negative control, we repeated this test using AlexaFluor647-labeled preimmune mouse serum in place of α-H3 and observed no antibody-chromatin complexes, demonstrating specificity of antibody binding (Fig. 2D ).
α-H3 should bind most if not all chromatin molecules in a mixture of complex chromatin. To determine if we could use SCAN to detect less-common epigenomic features of particular interest, we bound AlexaFluor647-labeled α-H3K27me3 specific antibodies to native chromatin from WT-ESC, labeled it with YOYO-1, and then performed SCAN. We could readily detect YOYO-1-labeled chromatin bound to α-H3K27me3 antibodies (Fig. 2E) . As a negative control for α-H3K27me3 binding specificity, we repeated this test using chromatin from ESC homozygous for a mutation in Eed, which encodes a polycomb repressive complex 2 (PRC2) component needed for efficient H3K27me3 (11) . In Eed-deficient cells, the number of YOYO-1 labeled molecules bound to antibody was greatly diminished (Fig. 2F) . Therefore, detection of H3K27me3 using SCAN and α-H3K27me3 antibodies is specific. We performed a similar test using fluorescently tagged MBD1 protein to detect DNAs harboring mC in WT-ESC, and included as a negative control chromatin from DNA methyltransferase triple knockout (DNMT TKO) ESC that are deficient for the three mammalian DNA methyltransferases, which have ∼2% of the mC content of WT-ESC (12) . The MBD1 bound chromatin from WT-ESC, but binding to DNMT TKO ESC chromatin was greatly diminished ( Fig. 2 G and H) . Like H3K27me3, detection of mC by SCAN and MBD1 is specific.
We next used SCAN to detect combinations of epigenetic features on chromatin. For these experiments, we bound to chromatin two different probes recognizing distinct epigenetic features, both labeled with spectrally distinct fluorophores. In our first tests we bound antibodies recognizing H3 and H2B to WT-ESC, which are expected to bind virtually all chromatin fragments. As a negative control for antibody aggregation, we performed an identical binding reaction without chromatin. Only in the binding reactions that included chromatin could we detect complexes with both antibodies, Fig. 1 . SCAN workflow. (A) Native chromatin bearing epigenetic marks is mixed with fluorophore (e.g., AlexaFluor488) labeled antibody specific to a given mark. After binding, the chromatin is labeled with an intercalator (e.g., TOTO-3). Finally, the chromatin is driven by voltage through a nanoscale channel fabricated in fused silica and fluorescent measurements of individual molecules are taken in a 150-aL inspection volume. A more detailed schematic of laser setup can be found in our previous publication (10) . (B) Probability of erroneously interrogating more than a single molecule increases with analyte concentration according to a Poisson distribution less than 0.5% at the concentrations used here (≤1 nM). P c (m), probability of m molecules residing in the 150-aL interrogation volume at any one time, given concentration c of fluorescent molecules in analyte, expressed as molecule count x in 150 aL, where N A is Avogadro's number. The curve shows the probability that more than one molecule is in the inspection volume. probe was specific for mC in duplex DNA, and chromatin was from WT-ESC (G) or DNMT TKO ESC, which are deficient for mC (H). Chromatin in C-F was detected by labeling with the intercalator YOYO-1, whose emission defined the 0 time in the offset plots.
demonstrating that we can use SCAN for simultaneous detection of multiple chromatin features (Fig. 3 A and B) . We extended this test incrementally by substituting α-H3K27me3 for the α-H3 antibody and were able to detect chromatin molecules binding both antibodies (Fig. 3C) . We then performed binding reactions using α-H3K9me3 and MBD1 and detected chromatin molecules bearing two combined epigenetic features (Fig. 3D) . As a negative control, we tested chromatin for coincidence of H3K4me3 and mC, which are thought to be mutually exclusive. We could detect no statistically significant coincident events (Fig. 3E) . As combinations of epigenetic features are fundamental to genomic regulation (13) , their multiplexed detection with tools like SCAN can provide new insights into the epigenome. Having shown that mC and H3K9me3 were commonly detected on the same individual chromatin molecules, we wondered if H3K9me3 was dependent on mC for its placement. There is precedent for cross-regulation of the two marks: H3K9me3 is needed for normal mC deposition in Neurospora crassa and mice (5, 14) ; in a reciprocal way, mC positively affects H3K9me3 placement at normally silenced loci in Arabidopsis thaliana (15) . However, in some human cell cultures, mC antagonizes H3K9me3 placement (16) . In none of these studies was the magnitude of these effects quantified. We used quantitative SCAN to measure the relative abundance of H3K9me3 on chromatin in WT-ESC vs. DNMT TKO cells, using H2B antibody to normalize the signals from the two cell types. Our results showed that 60% of the H3K9me3 levels in ESC depend on mC placement (Fig. 4A) . H3K27me3, like H3K9me3 and mC, is commonly associated with gene silencing; therefore, we also measured changes in H3K27me3 levels when mC was diminished. In contrast with H3K9me3, H3K27me3 levels rose ∼220% when mC was lost (Fig. 4A) . This is consistent with previous reports that mC antagonizes H3K27me3 placement in
Our observation that mC antagonizes H3K27me3 in primary cells is in contrast with results from transformed cells. For example, mC requires H3K27me3 at several loci in HeLa cells, a cervical carcinoma line (19) ; additionally, mC is not found at many PRC2 binding sites in primary cells, but mC is aberrantly acquired at PRC2 binding sites in cancerous cells (20) (21) (22) (23) (24) (25) (26) . Generally, coordination between mC and H3K27me3 in transformed vs. normal cells varies by genomic location (27) . It is possible to reconcile these results if the antagonism between mC and H3K27me3 seen in primary cells breaks down in transformed cells. To test this possibility, we analyzed the effects of DNA demethylation on levels of H3K27me3 in additional mouse cell types including primary fibroblasts (MF), immortal fibroblasts generated by 3T3 selection (MF3T3), and tumorigenic fibroblasts (MF60.1), fully transformed with Ha-ras and v-myc (28). We used the DNMT inhibitor 5-Aza-2′-deoxycytidine (5AzadC) to partially demethylate the cells, and then used SCAN to compare H3K27me3 levels in 5AzadC-treated cells relative to untreated controls (Fig. S3) . Primary MF behaved similarly to primary ESC--depletion of mC led to a 570% increase in H3K27me3 abundance (Fig. 4B) . However, in immortal MF3T3 and oncogene-transformed MF60.1, depletion of mC led, respectively, to a 98% and 81% depletion of H3K27me3 (Fig. 4 C and  D) . These changes were confirmed by quantitative Western blotting (Fig S4) . This demonstrates that as mouse cells transition from normal to cancer-associated phenotypes, the widespread antagonism between mC and H3K27me3 that is normally present is lost. To determine if human cancerous cells similarly lose this antagonism, we repeated these measurements using the human acute promyelocytic leukemia cell line HL-60 treated with 5AzadC (Fig.  S3 ). Similar to MF3T3 and MF60.1, depletion of mC in HL-60 cell caused a 24% decrease in chromatin associated H3K27me3, indicating that antagonism between mC and H3K27me3 that exists in primary cells breaks down in human cancer (Fig. 4E) .
There are two general mechanisms by which mC might antagonize H3K27me3. In a direct mechanism, mC might exclude the recruitment of PRC2, preventing deposition of H3K27me3; when mC is lost, PRC2 is no longer excluded and H3K27me3 can be deposited. In support of this, mC has been shown to impair binding of PRC2 to DNA in biochemical assays (29) . It is likely that this direct mechanism operates in ESC because more than 99% of sites where H3K27me3 was acquired in mC-deficient TKO ESC were sites where mC was normally found in WT-ESC (8, 18) . Alternatively, mC might antagonize H3K27me3 deposition indirectly by affecting activities of PRC2, PRC2 regulatory factors, effectors of H3K27 demethylation, or higher complexity mechanisms controlling global chromatin organization. In support of this is the fact that cells treated with a DNMT inhibitor acquire H3K27me3 even at sites where there was no preexisting mC (16) . It is clear that no single mechanism exists by which mC affects H3K27me3 as the influence of mC can vary by direction, locus, and cell type (8, 16, 19) .
To determine if the effect of decreased mC on H3K27me3 abundance in immortalized and transformed MF was due to reversal of direct antagonism seen in primary cells, we performed relative quantification of chromatin possessing both H3K27me3 and mC simultaneously (Fig. 5 ). For these experiments we compared the MF samples (where 5AzadC caused increased H3K27me3 abundance) to the MF3T3 samples (where H3K27me3 levels decreased following 5AzadC treatment). Rather than comparing the number of bound complexes relative to total YOYO-1-labeled molecules, we compared the number of bound complexes relative to either total α-H3K27me3 molecules (Fig. 5 A and D) , or to total MBD1 molecules ( Fig. 5 B and E) , both of which were present at a 100-fold molar excess over chromatin and which served as internal spike in controls. Analyzing the data in this manner allowed us to compare across cell types without relying on the DNA Fig. 3 . Detection of two epigenetic marks simultaneously. (A and B) Antibodies against H3 and H2B were labeled with spectrally distinct fluorophores and bound to chromatin (A), or included in a binding reaction without chromatin as a negative control (B). (C-E) Binding reactions were performed as in A using antibodies against H2B and H3K27me3 (C), using MBD1 protein and an antibody against H3K9me3 (D), or using MBD1 protein and an antibody against H3K4me3 (E). Chromatin was from WT-ESC; the central peak identifies chromatin molecules bound to two fluorescent probes as described in Fig. 2. intercalator, which would require reengineering the SCAN platform to accommodate analyses of a third fluorophore. Applying this approach to data used to generate Fig. 4 B and C demonstrated that MF3T3 cells had significantly more H3K27me3 and significantly less mC relative to MF (Fig. 5 A-C) . The increase in H3K27me3 levels following immortalization was confirmed using quantitative Western blotting (Fig. S5) . If the observed changes in H3K27me3 abundance were due to reversal of direct antagonism, then coincidence of α-H3K27me3 and MBD1 would be higher in MF3T3 relative to MF chromatin samples. Our data show there were very few chromatin molecules bound by both MBD1 and α-H3K27me3, and that there were no significant differences between the two cell types (Fig. 5 D-F) . This is consistent with the notion that mutual exclusion of the H3K27me3 and mC was maintained following immortalization, and that the observed increases in H3K27me3 level in immortal and transformed MF after 5AzadC treatment were not due to reversal of direct antagonism. In this case, the effects of 5AzadC on H3K27me3 are more likely due to general reorganization of histone modifications that occurs as a consequence of hypomethylation. However, it is possible that analysis of many more molecules would identify subtle differences not seen in these analyses. Regardless of mechanisms by which mC affects H3K27me3 levels differently in primary vs. immortal and transformed cells, the changes after immortalization are likely to be fundamental to the epigenetic chaos associated with cancer and contribute to tumor suppressor silencing.
Discussion
Here, we describe a single-molecule analytical approach to characterize epigenetic states. This allowed us to detect combinations of epigenetic features, measure epigenetic mark abundance rapidly, identify coordinated regulation among mC, H3K9me3, and H3K27me3, and monitor effects of epigenome-modifying drugs on cancer cells.
Our platform directly detected the colocalization of H3K9me3 and mC on individual molecules in ESC. The colocalization is relevant mechanistically: H3K9me3 requires mC for its normal placement in the genome. The requirement is not absolute, as nearly half of H3K9me3 is placed in the absence of mC. It is possible that without mC, the nucleosome remodeling deacetylase (NuRD) complex is not recruited to mC by the MBD protein in the complex, and H3K9Ac persists, preventing H3K9me3 placement.
In contrast with H3K9me3, mC antagonizes H3K27me3 in primary cells. One possible mechanism underlying this is that mC impairs chromatin recruitment of PRC2, which is needed for H3K27me3 deposition (29) . In immortalized mouse and human cells effects on H3K27me3 from 5AzadC treatment are reversed, whereby H3K27me3 becomes partially dependent on mC. How this shift occurs is unknown. It is possible that the composition of PRC2, or posttranslational modifications to its components, changes upon immortalization, allowing EZH2, the H3K27 histone methyltransferase, to be stimulated rather than inhibited by mC. It is also possible that aberrant H3K27me3 regulation in immortal and tumorigenic cells is a consequence of altered energy metabolism in those cells. Many cancers have increased glycolysis and reduced tricarboxylic acid (TCA) cycle activity (30) (31) (32) , which can lead to accumulation of succinate that in turn inhibits the H3K27 demethylase JMJD3 (33) . Additionally, impaired TCA cycle use might result in reduced conversion of isocitrate to α-ketoglutarate, potentially limiting activities of H3K27 demethylases requiring this cofactor (34) . If DNA hypomethylation caused by 5AzadC treatment partly reverses these cancer-associated metabolic defects, H3K27 demethylase activity could increase, leading to simultaneous reductions in both mC and H3K27me3 levels, which we observed. Regardless of the mechanisms by which normal antagonism of mC and H3K27me3 goes awry in cancer, synergy in their placement can potently and inappropriately silence tumor suppressors, leading to disease progression.
Our studies of coordination among mC, H3K9me3, and H3K27me3 represent just one application of our single-molecule analytical platform. Other applications for the SCAN platform include enabling discovery of additional epigenome-based cancer biomarkers, facilitating quantitative assays for the effects of epigenome modifying agents in a drug discovery pipeline, and serving in clinical assays to measure patient responses to such drugs. There are several additional embodiments possible for our system that can expand its capabilities, including performing parallel analyses in multiple channels to increase throughput; adding a third fluorescent color, which would allow for absolute quantitation of epigenetic marks; and implementing a recently developed method to sort single DNA molecules based on epigenetic state (35) which would allow for downstream sequencing. Because individual molecules are queried, only small amounts of cellular material are required, raising the possibility of epigenomic analyses of cells that are rare, impossible to culture, or even of single cells (36) .
Materials and Methods
Chromatin Preparation. Native chromatin was prepared as described (10) . Briefly, 3 × 10 7 cells were homogenized using a Dounce homogenizer and Triton X-100 containing PBS buffer. Isolated nuclei were treated with micrococcal nuclease, and chromatin was solubilized in a high-salt, EGTAcontaining buffer. Presence of nucleosome ladders was verified and sizes estimated using agarose gels loaded with DNA purified from chromatin ( Fig.  S1 ). Samples used for analysis had size distributions centered on 2 kbp. Concentration was assessed spectrophotometrically.
Labeling Epigenetic Probes. Antibodies were purchased from Active Motif (61013, 39155, 61037, 39763) and the MBD1 probe was prepared as previously described (10) . All reagents were then labeled using Invitrogen's Microscale Protein Labeling kits (A10238, A30009, A30006) according to manufacturer's instructions and purified from free dye by seven cycles of 10-fold dilution into PBS and reconcentration in Amicon Ultra Centrifuge concentration columns (UFC501008, UFC51008). Labeling was assayed using fluorometry and absorbance, and label density was approximately two dye molecules per antibody. Protein concentrations were confirmed by bicinchoninic acid (BCA) assay.
Binding Reactions. Native chromatin (3-10 nM) and fluorescent antibodies (125-400 nM) were mixed such that there was a 15-100-fold molar excess of antibody or MBD1 and then left to incubate overnight at 4°C on a rotator. The following morning 0.75% formaldehyde was added and samples incubated at room temperature (RT) for 15 min, after which 160 mM glycine was added to quench the cross-linking reaction. Once cross-linked, fluorescent DNA intercalator dye (TOTO-3 or YOYO-1, Invitrogen) was added such that there was one molecule of dye for every five DNA base pairs. Samples were left to incubate for 1 h at RT followed by 1 h at 4°C. Before SCAN, binding reactions were diluted into flow buffer such that the total concentration of fluorescent molecules was below 1 nM.
SCAN and Data Analysis. SCAN data were collected as described (10) . To measure the abundance of epigenetic marks, we determined the fraction of intercalator-stained material bound to the epigenetic probe, and normalized this value to the fraction bound to α-H2B for both test and control cells, and then took the ratio of normalized values for the two cell types according to the formula
where NAE = normalized abundance of epigenetic marks; B e = count of molecules bound to both intercalator and epigenetic probes; I e = count of intercalator bound molecules in epigenetic mark probed sample; B 2 = count of molecules bound to both intercalator and α-H2B; I 2 = count of intercalator bound molecules in α-H2B probed sample; T = test cells; C = control cells. For experiments where combinations of epigenetic marks were quantified the NACE equation was used, where NACE = normalized abundance of combined epigenetic marks; B de = count of chromatin molecules bound to two different epigenetic probes; E = count of total (free and bound) molecules for a given epigenetic probe. All data analysis was performed using MATLAB 2010b (Mathworks). Raw intensity vs. time traces were autocorrelated and fit to the 1D FCS equation with the addition of intersystem crossing and directed flow terms to determine the characteristic transit time of molecules through the focal volume. A noise level of random background photons was established and used to establish a baseline for the intensity traces. Single-molecule events were identified above the baseline by applying a signal threshold and locating local maxima among contiguous points above the threshold. Coincident molecules were identified by temporally translating one channel trace relative to a second, over a time window whose size was determined from the characteristic transit time of the singlemolecule events. The number of overlapping local maxima from both channels was determined at each time offset, generating a time distribution of coincident events. By analyzing the time distribution of coincident events from multiple datasets a signal-to-noise ratio was determined and used to calculate background levels and correct the values for abundance of epigenetic mark detection in experiments requiring quantitative analyses (Figs.  3-5 ). Due to an increased noise level from falsely detected coincident events for experiments where two different colored probes were used, a similar background correction was applied by uniformly subtracting the bulk of background events from total events, effectively shifting the y axis on coincidence plots.
Drug Treatment. Cells (3 × 10 7 ) were cultured in media containing 1.1 ng/mL (HL-60) or 10 ng/mL (MF lines) 5-Aza-2′-deoxycytidine (Sigma A3656) for 72 h with the addition of fresh drug containing media every 24 h. HL-60 cells were cultured in RPMI media; fibroblasts were cultured in DMEM containing 5% (vol/vol) FBS. Chromatin was prepared as described above. Concentrations were chosen that permitted cell accumulation at a level equal to 40-60% that of untreated cells (Fig. S3) .
Western Blotting. Histones were acid-extracted from cells and 3 μg was run on a 15% SDS/PAGE gel. Proteins were transferred to nitrocellulose membranes and blocked with tris buffered saline with 0.1% triton-X-100 (TBST) + 5% (wt/vol) dried milk, then incubated with primary antibody and secondary antibodies for 2 h at RT in TBST +1% milk. Primary antibodies recognized H3K27me3 (Active Motif 39155), H3K9me3 (Active Motif 39162), or H2B (Active Motif 61037). Secondary HRP-labeled antibodies were against either rabbit or mouse Ig, depending on the primary antibody (Millipore 12-348 and Abcam 102448). Chemiluminescent detection of HRP was done using the SuperSignal West Dura Extended Duration Substrate (Thermo 34075). Quantification was performed using ImageJ software.
